In this work, flexible solar blind Ga 2 O 3 ultraviolet photodetectors with high responsivity and photo-to-dark current ratio are demonstrated. The Ga 2 O 3 films are obtained by the RF magnetron sputtering method on flexible polyimide (PI) substrates and the results demonstrate that all the films grown under various temperatures are amorphous. When the incident light wavelength is less than 254 nm, the incident light is effectively absorbed by the Ga 2 O 3 film. By controlling the growth temperature of the material, the responsivity and photo-to-dark current ratio of the corresponding metal-semiconductor-metal photodetectors are significantly improved. At growth temperature of 200°C, the current under 254 nm illumination obtains 396 nA at voltage of 20 V (corresponding responsivity is 52.6 A/W), the photo-to-dark current ratio is more than 10 5 , and the external quantum efficiency reaches 2.6 × 10 4 %, which is among the best reported Ga 2 O 3 ultraviolet photodetectors including the devices on the rigid substrates. After the bending and fatigue tests, the flexible detectors have negligible performance degradation, showing excellent mechanical and electrical stability.
Introduction
In today's fast-developing information age, optoelectronic technology has become a frontier discipline in the information industry. A wide variety of optoelectronic devices, such as lasers [1] , light-emitting diodes [2] , photodetectors [3] , [30] and solar cells [4] , have penetrated into all aspects of human life and work. They also play an important role in the fields of space exploration [5] and national defense security. As one of the core components of optoelectronic devices, photodetectors play the role of converting optical signals into electrical signals in optoelectronic communication systems. In addition, photodetectors also have significant applications in military operations, acting as monitoring, detection, tracking and identifying features [6] - [9] .
Due to its unique advantages of low noise and high sensitivity, the solar blind ultraviolet (UV) photodetector has become a new research hotspot in the field of photoelectric detection. In order to make the solar blind UV photodetector more widely used, the substrate material of the photodetector is particularly important. The rigid substrates such as sapphire and quartz are commonly used, but they are relatively hard, require some complicated cutting process [22] . At the same time, rigid substrates are relatively brittle, easy to break, etc; Compared to rigid substrates, flexible substrates are relatively inexpensive and easy to handle, and have broad application prospects in photodetectors; And the flexible solar blind UV photodetector is also widely integrated into the detection system because it is soft, wearable and portable [10] - [12] .
Solid-state solar blind UV photodetectors are mainly developed based on semiconductor materials [26] - [29] . Although the mainstream silicon-based semiconductors in the market also have UV response, the band gap of the silicon-based material is too narrow, resulting in a high visible and infrared response. In addition, silicon-based materials have poor characteristics under high pressure and high temperature condition, which further limits their development in the field of solar blind UV detection. Therefore, the solar blind UV photodetector using a wide band gap semiconductor as the photosensitive material is currently pursuing. As a wide bandgap oxide semiconductor material, Ga 2 O 3 has a quasi-direct gap of up to 4.8 eV, and its photoresponse peak falls in the solar-blind band. It does not require energy band regulation, and its absorption coefficient near the absorption edge is as high as 10 5 cm −1 . It is an ideal natural solar blind UV detection material [13] , [14] . In addition, Ga 2 O 3 materials are inexpensive, have good thermal and chemical stability, and can withstand high electric fields up to 8 MV/cm [15] - [18] . So it is stable material and can be used under severe conditions.
In this work, the Ga 2 O 3 films were grown by radio frequency magnetron sputtering technique on flexible PI substrates under different growth temperatures (50-200°C). By controlling the growth temperature, the fabricated interdigitated solar blind UV photodetectors exhibit excellent characteristics, including a large spectral responsivity (52.6 A/W), low dark current (1.7 pA at 20 V), large photo-to-dark current ratio (>10 5 ), high external quantum efficiency (>10 4 %). At the same time, the flexible photodetectors show excellent mechanical and electrical stability.
Experimental Details

Materials Growth
Ga 2 O 3 films were deposited on PI and sapphire substrates respectively by radio frequency magnetron sputtering at different temperatures. Ga 2 O 3 ceramic target has high purity (99.99%). The PI and sapphire substrates were ultrasonically cleaned in acetone, alcohol, and deionized water. Firstly, the vacuum was evacuated to the base pressure of 1 × 10 −6 Torr. The film thickness under all conditions was kept at 200 nm. And sputtering power was set to 120 W and deposited pressure was 25 mTorr. The processing atmosphere was pure argon (Ar). The argon flow rate is always 20 sccm during the entire sputtering process. The only change in growth conditions is temperature, which varied from 50°C to 200°C (the highest reliable temperature for our PI substrates).
Photodetectors Fabrication
The Ga 2 O 3 solar-blind UV photodetector were constructed with a MSM interdigitated structure through standard lithography and lift-off procedures. Each of electrode fingers is 80 μm long and 3 μm wide. It is 3 μm wide between two fingers (As shown in Fig. 1 ).
Characterizations
Optical transmittance was characterized by Dual-beam UV-Vis spectrometer (Perkin-Elmer Lambda 950). The crystal structure of the film is illustrated by the X-ray diffractometer (D8 Advance, Bruker, Germany). The elemental composition was studied by X-ray photoelectron spectroscopy using ES-CALAB 250Xi spectrometer. The surface morphologies were analyzed using a field effect scanning Fig. 2 shows the X-ray diffraction (XRD) patterns of the films grown at different growth temperatures. All the patterns are the same with that of the PI substrate and there is no obvious peaks are observed, showing an amorphous state. In fact, the films grown on the rigid substrates (sapphire, quartz) at 200°C are also amorphous as Fig. S1 shows, indicating that under such a low growth temperature range (50°C to 200°C) the crystal Ga 2 O 3 cannot be formed no matter what the substrate is. The SEM images for the films grown at different temperatures are shown in Fig. S2 , and the surface morphologies of the films grown at various temperatures are not much different, corresponding to the same amorphous state obtained by the XRD measurement. Fig. 3 shows the ultraviolet-visible transmittance spectrum (200-800 nm) of the films grown at 200°C. It can be observed that the Ga 2 O 3 film on the PI substrate shows a cutoff absorption wavelength between 500 nm and 600 nm, and it is obviously not corresponding to the Ga 2 O 3 material with a bandgap near 5.0 eV. To confirm this, the transmittance spectra of Ga 2 O 3 films on the PI substrates grown at different temperatures and the pure PI substrate are measured and shown in the Fig. S3 . It is demonstrated that the films on the PI substrates grown at different temperatures show similar optical transmittance characteristics with the PI substrate, indicating that the transmittance of the films grown at each temperature is dominated by the PI substrate due to its optical absorption in the visible light band. So for further characterization of the optical characteristics of the Ga 2 O 3 material itself, we studied the transmittance of Ga 2 O 3 thin films grown on quartz and sapphire substrates as shown in Fig. 3 since it has been proved that the films at all these substrates are all amorphous from the XRD test and the material growth is not selective to substrate. When the incident light wavelength is less than 254 nm, the films have a strong absorption to UV light. And we have found that Ga 2 O 3 films on sapphire substrate have an average transmittance of more than 80% in the visible light region (The transmittance of Ga 2 O 3 films on quartz substrates is even more than 90%. And fluctuations in the visible light range are caused by optical interference effects.). The absorption edge of the samples is obtained from (αhν) 2 -hν plots as shown in the inset in Fig. 3 , where α is the absorption coefficient and hν is the photon energy. The bandgap of all films is about 4.8 eV, which is similar to the reported values [19] - [21] . Fig. 4(a) presents the I-V characteristics of the flexible Ga 2 O 3 UV photodetectors grown at different growth temperatures under the 254 nm UV illumination. Our UV light possesses power densities of 200 μW/cm 2 . It can be seen that the Ti/Au electrodes show an Ohmic-type contact. As Ga 2 O 3 film growth temperature increases, the current increases significantly. At 200°C, the current reaches 396 nA at 20 V (corresponding responsivity is 52.6 A/W, and the external quantum efficiency is 2.6 × 10 4 %). It has the highest values of optical responsivity and external quantum efficiency under all deposition temperatures as shown in Table 1 . Fig. 4(b) and (c) show the I-V characteristics of the photodetectors under different wavelength irradiation for the growth temperature of 200°C in linear and logarithmic coordinate respectively ( Fig. S4 shows all devices' characteristics under other growth temperature). The dark current is as small as 1.7 pA at 20 V, and corresponding photo-to-dark current ratio is more than 10 5 . The photocurrent is 14.9 pA under 365 nm irradiation, which is slightly larger than the dark current. The reason for the response under 365 nm irradiation is that the film grown on the flexible material still have some defects. The UV-C to UV-A rejection ratio (254 nm versus 365 nm) reaches 2.7 × 10 4 , which is far greater than the values at other temperatures as shown in Table 1 , indicating that the device has good characteristics to detect UV blind light.
Results and Discussion
To further investigate the electrical performance of flexible photodetectors at different growth temperatures, we also performed a transient time response test at 20 V bias, as shown in Fig. 5(a) , all devices have good electrical stability to DUV periodic illumination. After multiple illumination cycles, the photocurrent of the photodetectors remains basically unchanged. However, it can be seen from Table 1 that the response time of the photodetector is slightly longer at 200°C. This phenomenon can be explained from the XPS test results, as shown in the Fig. S5 : the material has largest number of oxygen vacancies at 200°C (The integration areas of the curve of oxygen vacancy are 62147.46, 63524.89, 56853.11 and 68406.74 for samples deposed at 50°C, 100°C, 150°C and 200°C, respectively.), so the charge trapping caused by the oxygen vacancies could be a lot, which makes the recovery time of the device slightly longer. At the same time, we conducted a variable voltage test with a photodetector at 200°C as an example, and found that the device has good electrical repeatability under different bias as shown in Fig. 5(b) .
In order to compare the electrical properties of the flexible and rigid photodetectors, we have also grown the film on a sapphire substrate at 200°C and fabricated the photodetector. All growth parameters were the same as those on the flexible substrate. As shown in Fig. 6(d) , the photodetector on the flexible PI substrate exhibits similar electrical characteristics with the photodetector on the rigid sapphire substrate, which also shows that the flexible photodetector has good electrical properties. However, the electrical characteristics of the flexible photodetector show that it is not so good Ohmic-type contact as that for the rigid photodetector. This nonideal Ohmic contact property is supposed to from the mechanical properties and chemical properties of the flexible substrate, which results in the weak adhesion between the electrode and the material. This situation can be solved by inserting an intermediate adhesion layer, which will be our future work.
The most important aspect of flexible devices is the characterization of mechanical properties, which are the effects of bending and fatigue testing on the device performance. At the same time, for wearable devices, durability under bending conditions is essential [23] - [25] . Fig. 6(a) shows the image of the flexible photodetector fixed on a probe station. Fig. 6(b) shows the schematic diagram of bending diameter = d. Fig. 6(c) shows the digital photographs of the flexible photodetectors. The specific tests are the photocurrent-voltage curves, time response and fatigue test of the devices under different bending diameters. We take the photodetector at 200°C as an example. The devices at other temperatures are described in the supporting file ( Fig. S6, Fig. S7, Fig. S8 ). The curved device has a bending diameter d, as shown in Fig. 6(b) , and the bending diameter d represents the degree of bending. First, we tested the photoresponse performance of the photodetector under different bending diameters. As shown in Fig. 7(a) , the flexible photodetector exhibits similar electrical characteristics under curved state as in the flat state, indicating the bending of the photodetector has weak impact on performance of the photodetector, and flexible photodetectors exhibit good mechanical properties. However, it can be seen from the Fig. S9 that when the bending diameter is further reduced, the electrical properties of the photodetector begin to decline, indicating that the flexible device can exhibit stable electrical characteristics only within a certain bending range. Fig. 7(b) shows the current-voltage curve of the flexible photodetector at a curvature degree r = 4 mm after multiple bendings. We found that the photodetectors still showed the same curve even after 500 cycles bending fatigue tests. Fig. 7(c) shows the time response curve measured after multiple bendings, indicating that the flexible photodetector has very good electrical stability. It can be seen from the Fig. S6 and Fig. S7 : at the growth temperature of 50°C and 100°C, the photodetectors have a current accumulation effect, that is, the current of each illumination period is larger than the current of the previous illumination period. However, at the growth temperature of 150°C and 200°C, the photodetectors exhibit good characteristics. Finally, as shown in Fig. 7(d) , After the concave and convex test, the photodetector still exhibits the same electrical characteristics as the flat state, further illustrating the flexible Ga 2 O 3 photodetector has good robustness and satisfying flexibility. Responsivity and photo-to-dark current ratio are important indicators for evaluating the electrical performance of the photodetector. As shown in the Fig. 8 , by quantitative comparison with the performance of the photodetectors in other papers, we can find that the our flexible photodetector shows a large photo-to-dark current ratio and responsivity, which is better than most MSM-structured photodetectors and is among the best reported Ga 2 O 3 UV photodetectors.
Conclusion
In summary, the amorphous Ga 2 O 3 films were successfully grown on a flexible PI substrate by RF magnetron sputtering at different growth temperatures. When the incident light wavelength is less than 254 nm, the incident light is absolutely absorbed by Ga 2 O 3 films. The electrical results show that the flexible photodetectors exhibit good durability and stability at all growth temperatures on the one hand; on the other hand, the photodetector has the largest photo-to-dark current ratio (>10 5 ), responsivity (52.6 A/W), external quantum efficiency (2.6 × 10 4 %) at 200°C.
